By implanting Zn þ ions into research-grade intentionally undoped ZnO single crystal for facilitating Zn interstitials (Zn i ) and O vacancies (V O ) which is revealed by precise X-Ray diffraction rocking curves, we observe an apparent broad red luminescence band with a nearly perfect Gaussian lineshape. This red luminescence band has the zero phonon line at $2.4 eV and shows distinctive lattice temperature dependence which is well interpreted with the configurational coordinate model. It also shows a low "kick out" thermal energy and small thermal quenching energy. A "selfactivated" optical transition between a shallow donor and the defect center of Zn i -V O complex or V Zn V O di-vacancies is proposed to be responsible for the red luminescence band. Accompanied with the optical transition, large lattice relaxation simultaneously occurs around the center, as indicated by the generation of multiphonons. V C 2014 AIP Publishing LLC.
Recently, ZnO has re-attracted tremendous interest as a promising light emitting material due to its wide band gap of $3.44 eV at cryogenic temperature and its large free exciton binding energy of 60 meV. [1] [2] [3] [4] [5] In terms of emission wavelength, the luminescence of ZnO can coarsely be categorized into two groups: the near-band-edge exciton sharp lines in the ultraviolet spectral region and the broad color bands in the visible light region. For most of the sharp lines, they have been firmly identified to be originated from the radiative recombination of various impurity-bound excitons. 6 However, for the color emission bands, their origins are still controversial. 1, 7, 8 Green, yellow, and red luminescence bands are the commonly observed color emissions in ZnO. They are known to originate from some deep centers very early, 9 but they may have different origins. 10 Recently, Liu et al. reported the polarized photoluminescence (PL) spectra of ZnO single crystals and suggest that the defect-related deep band emission in the visible range is closely associated with the Zn and O vacancies. 11 In this Letter, we present an in-depth investigation on the red luminescent center in research grade ZnO single crystals both experimentally and theoretically. By implanting Zn ions into the intentionally undoped ZnO single crystal, we create a Zn rich condition under which the defect centers formed are either the excess Zn ions placed interstitially (Zn i ) or the O vacancies (V O ) arising from the incorporation of the extra Zn ions at normal sites. Directly after the Zn ion implantation, a noticeable red luminescence band is observed and is well interpreted with the configurational coordinate (CC) model. The electronic transition energy of the red luminescent center is inclusively determined to be 2.4 eV, taking into account the simultaneous multiphonon emission. The nature of this center including their charge states is discussed by the aid of the recent theoretical results on different native point defects and their optical transitions in ZnO.
The starting samples studied in this work were one-side polished, intentionally undoped, pressurized melt-grown ZnO single crystals, grown along [0001] direction with c axis terminated by Zn, produced by Cermet, Inc. We measured the PL spectrum of the as-grown ZnO sample at 3.5 K and found the band-edge exciton emission to be at 3.3592 eV, in excellent agreement with the Cermet's data. The intensity of the color emissions of the starting sample is four orders of magnitude lower than that of the near-band-edge excitonic emission. Therefore, these ZnO single crystals with relatively lower trace impurities provide a good starting point for investigating defects, especially native defects in ZnO. 12 For creating Zn-rich conditions, Zn þ ions were incorporated into the polished side of the ZnO crystal at 300 C using ion implantation technique. The acceleration energy and fluence of Zn þ ions were 500 keV and 10 14 cm À2 , respectively. Under these conditions, implanted Zn ions in ZnO have a concentration depth profile peaking at a depth of 210.0 nm from the implanted surface. 13 In the subsequent PL measurements, the samples were mounted on the cold finger of a Janis closed cycle cryostat providing a varying temperature range of 3. Hamamatsu R928 photomultiplier. Standard lock-in amplifier technique was employed. A long-pass filter LP38 was employed for measurements involving wavelengths beyond 650 nm. Thermal annealing processes were performed on the Zn-implanted samples, at 500 and 650 C, respectively. For each temperature, the annealing process was performed for 30 min in Ar gas and optical investigation was performed after each process.
In ZnO, there usually has a strong electron-phonon coupling at deep centers. For example, the Huang-Rhys factor S characterizing electron-phonon coupling strength is as large as S ¼ 6.5 for the frequently observed structured green emission band in ZnO. 14 Such strong electron-phonon coupling results in a large redshift of spectral peak in PL spectrum with respect to the energy of the electronic level involved in the optical transition. One thus has to identify the zerophonon line (ZPL) which gives the energetic location of the defect level involved in the emission process. To do so, we employ the underdamped multimode Brownian oscillator (MBO) model as previously done by us. 14 The MBO model is a generalized model that takes into account both the coupling of electrons with the primary phonon mode (i.e., longitudinal optical phonon) and the dissipative effect of the secondary acoustic phonon bath for photon absorption and emission. 15 In addition to the MBO model, we attempt to employ the CC model to examine the luminescent center for getting a deeper understanding. In fact, the CC model is very successful in the interpretation of various luminescent centers in different solids including wide band gap semiconductors, 16, 17 which has led to several important conclusions: (1) The luminescence is usually quite broad due to the simultaneous generation of many phonons and shows a nearly perfect Gaussian symmetric lineshape; (2) The line width W (i.e., the full width at the half maximum, FWHM) of the luminescence band varies with temperature according to the relation WðTÞ ¼ W 0 ½tan hð hx=2k B TÞ À1=2 ;
(1)
where W 0 is a temperature independent constant, hx is the characteristic energy of phonons involved in the emission, k B is the Boltzmann constant, and T is the absolute temperature;
(3) The spectral peak of the luminescence band shifts to the higher energy side with increasing temperature. 17 If only one phonon mode is taken into account, the spectral peak EðTÞ may blueshift linearly with increasing temperature
where Eð0Þ is the spectral peak at T ¼ 0K and a is a constant. Later, we show the application of the CC model to the case of the red luminescent center in ZnO after the Zn þ ion implantation.
In order to obtain the information of defect creation in ZnO lattice by Zn ion implantation, we have conducted measurements of fine X-ray diffraction (XRD) rocking curves on the as-grown and as-Zn-implanted ZnO. 13 From the XRD rocking curves (not shown here), we can see that the ion implantation causes several satellite structures located on both sides of the main diffraction peak, indicating the formation of defects and lattice distortion within several hundreds of nanometers. 13 By adopting the kinematic model developed from the dynamical X-ray diffraction theory for uniform single crystal to fit the experimental XRD rocking curves, we can get the information of strain depth distribution along the implantation direction. In the as-Zn-implanted ZnO sample, the compressive and tensile strains are found to be simultaneously present. Moreover, the compressive strain distribution appears in the region near the implantation surface and then the tensile strain distribution successively appears. 13 This means that vacancy-type defects are produced in the shallower regions while the interstitial defects are introduced in the deeper regions from the surface. It is known that the local strain in the ion-implanted region is usually induced by incorporation of implanted ions into host crystal. At the original lattice sites, substitutions or interstitials and or vacancyinterstitial pairs may be generated by the collision of the injected ions with atoms of the target. 18 Therefore, the native point defects of Zn i þ at interstitial sites and Zn þ at normal site þ V o À vacancies should be introduced by the forced incorporation of Zn þ ion due to the charge compensation principle. This result provides a vital clue to the identification of luminescent center in ZnO after Zn ion implantation. Figure 1 shows the measured 3.5 K color emission bands of the as-Zn-implanted ZnO (solid circles) and postimplantation ZnO thermally annealed at 500 (solid lineþ solid squares) and 650 C (solid line þ solid triangles). A noticeable red luminescence band peaking at $626 nm is observed in the as-Zn-implanted sample. At the same time, a significant drop in intensity is seen for the near-band-edge luminescence (not shown here). As mentioned earlier, the MBO model is used to find out the ZPL position of the red luminescence band. A good fit is obtained, as shown in the solid line in Fig. 1 , with the parameters used: the energy of the ZPL E ZPL ¼ 2.398 eV, S ¼ 6.5, hx ¼ 71.2 meV, and the damping coefficient c ¼ 150. Therefore, the optical transition level of the luminescent center giving the broad red emission band in the as-Zn-implanted ZnO crystal has energy of 2.398 eV. Note that this red luminescence band is almost eliminated by 500 C thermal annealing, meaning that the energy barrier of this luminescent center is less than 50 meV. This relatively low energy barrier suggests that the defect (or complex) possesses a small removal (dissociation) energy. Liu et al. also observed the lowest concentration of O vacancies related defects in their ZnO sample annealed at 400 C in air. 11 Furthermore, the thermal treatment of the implanted sample at 650 C causes the overall recovery of the near-band-edge luminescence (not shown here) and somewhat the activation of the green emission band. Figure 2 shows the measured red luminescence band (thin lines þ symbols) of the as-Zn-implanted ZnO at different temperatures. The three thick solid lines are the fits to the measured spectra at 4, 160, and 298 K with the Gaussian lineshape function. From Fig. 2 , it can be seen that the red luminescence band remains a nearly perfect Gaussian lineshape at different temperatures, as described by the CC model. Other main spectral parameters, such as the spectral peak, line width, and integrated intensity, also show characteristic temperature dependence, as shown in Fig. 3 . From the temperature evolution of these key spectral parameters, a dividing temperature point is observed at $100 K. For example, starting from 3.5 K the spectral peak slowly blueshifts to reach a local maximum at around 40 K, and then slowly redshifts as the temperature increases. Beyond 100 K, the spectral peak blueshifts almost linearly, as shown in Fig. 3(a) . The line width also shows an unusual small reduction with increasing temperature when less than 100 K, and exhibits a remarkable increase for temperature higher than 100 K, as seen in Fig. 3(b) . The integrated intensity increases first and then drops exponentially when the temperature is beyond 100 K, which can be clearly seen in Fig. 3(c) . The exponential reduction of the luminescence intensity with temperature indicates occurrence of thermal quenching. The activation energy DE for this thermal quenching process is determined to be 23 meV using the following equation:
where I is the integrated luminescence intensity and C is a constant. This small thermal activation energy suggests that a shallow level may be involved in the red luminescence process. For the line width, its temperature dependence can be fitted quite well with the CC model (i.e., Eq. (1) described above) when hx ¼ 71.2 meV (i.e., the longitudinal optical phonon energy of ZnO) was adopted. The solid line is a linear fit with Eq. (1). The distinctive temperature evolution of the line width also obeys the CC model, as seen in Fig. 3(b) . As for the spectral peak, once again, we see that its evolution with the lattice temperature basically follows the CC model's description. For example, the spectral peak blueshifts almost linearly with increasing temperature when the temperature is beyond 100 K, as shown in Fig. 3(a) . The blueshift of the spectral peak caused by temperature elevation is mainly due to the thermal redistribution of electrons at the electronvibration coupled states with higher energy. 17 All these spectral characteristics and distinctive temperature dependence of the red luminescence band lead to the first assumption that it is originated from a kind of "self-activated" transition within a complex luminescent center in ZnO. Actually, the "self-activated" luminescence has been previously observed in most of II-VI wide band gap semiconductors including ZnO and has been studied in detail for ZnS. 19 For such a "self-activated" luminescent center, i.e., a shallow donor associated with a cation vacancy (i.e., V Zn ), its luminescence process is a cyclical process: the first excitation of an electron from the self-activated center to the conduction band of ZnS upon ultraviolet illumination changes the center to an ionized deep acceptor state called the Acenter, then the electron was captured by the shallow donor of the center, and finally returns to the A-center via the luminescence process. However, the situation in ZnO is quite complicated. 9 As already mentioned in the foregoing, the color luminescence bands in ZnO may have different origins. 10 For the structureless green emission in ZnO, it could be from an associated V Zn -impurity donor center like the blue luminescent center in ZnS. 19 As for the red luminescence band in ZnO, nevertheless, we temporarily attribute it to another kind of "self-activated" center in terms of its luminescence characteristics and thermal treatment behaviors.
In ZnO crystals similar to the as-grown one studied in the present work, Zn and O di-vacancies (V Zn V O ) were firmly detected using sensitive positron annihilation technique. 20 In the Zn-implanted sample, Zn i and Zn i -V O complex are the two most possible native defects. The former causes somewhat extensile strain whereas the latter could result in some compressive strain as those revealed by our XRD data. 13 In an early study of Zn doped ZnO, the native donor Zn i , an unknown donor D, and the native acceptor V Zn have been suggested as the major defects. 21 Moreover, the unknown donor could be frozen-in oxygen vacancy V O , which thermodynamically cannot be distinguished from a foreign donor. 21 Therefore, Zn i and Zn i -V O complex, as well as the original V Zn should be the dominant native defects in the as-Znimplanted ZnO. In, H, Ga, and Cu are the major trace impurities detected in the similar ZnO sample in term of their concentrations. 12 All these foreign impurities except Cu are well known to act as shallow donors in ZnO, while Cu is generally considered to be an acceptor. 7, 8 Recent theoretical calculations about the native defects as well as their transition levels among their different charge states based on the improved models have presented more precise results. 22 22 Chakrabarty and Patterson obtained two transition levels of 2.5 and 2.4 eV within individual V O and V Zn V O defects, respectively, which are consistent with our experimental value for the red luminescent center. In particular, their theoretical value of the transition level between the À1 charge state to the neutral charge state of V Zn V O is in excellent agreement with our experimental data. 23 From our experimental data and arguments, as well as by referring to the recent theoretical calculations, we would propose that the red luminescent center is a composite defect consisting of a native defect and an associated shallow donor. The V O -Zn i defect complex and V Zn V O di-vacancies are most likely to be the native defects involved in the red luminescence process.
In conclusion, a noticeable red luminescence band is observed in the research-grade undoped ZnO single crystals implanted with Zn ions. This red luminescence band has a ZPL of $2.4 eV at cryogenic temperature and shows the spectral characteristics and distinctive temperature behavior of a kind of "self-activated" transition which can be well interpreted using the single coordinate CC model. A defect center containing a native defect complex and an associated shallow donor is proposed to be responsible for the red luminescence band. The most possible candidates for the involved native defect are the V O -Zn i defect complex and the V Zn V O divacancies rather than a simple point defect in ZnO.
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